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(57) ABSTRACT

A method of implementing Correlated Multi-Sampling
(CMYS) in an image sensor with improved analog-to-digital
converter (ADC) linearity starts with an ADC circuitry
included in a readout circuitry that generates a plurality of
uncorrelated random numbers used as a plurality of ADC
pedestals for sampling image data. A Successive Approxi-
mation Register (SAR) included in the ADC circuitry stores
a different one of the ADC pedestals before each sampling
of'the image data. The ADC circuitry samples an image data
from a row a plurality of times against plurality of ADC
pedestals to obtain a plurality of sampled input data. The
ADC circuitry converts each of the plurality of sampled
input data from analog to digital, which includes performing
a binary search using the SAR. Other embodiments are also
described.

22 Claims, 5 Drawing Sheets

220
CMP_RST /

Vem
l 303;
» 305
304 306
302; { K
11
ax L +
301 = LATCH
11
VIN ‘/ 1] I -
3022 AN
Voac — LATCH
CMP_RST
v 3035 DAC
o] 310
DAC_RST ) DAC_RST
309 pm=msofmmmmsomsoo-s SToTTTT e ! 3091
| ||-/ ) ./
) n 1 |
L H 308p 3085 3084 3081 | =
= H 1
: 64C == see C ==t 16C = ees C =_'/ :
] ]
ik Sttt ) ubiiiaiaiatait ) Sttt ) St ?
31153110 ]
Vrer —]  B11 B5 B4 BO |
SAR

ADC PEDESTAL

————————» ADC QUTPUT

w

4
307



US 9,491,390 B2

Sheet 1 of 5

Nov. 8, 2016

U.S. Patent

I 'OId4

01T mxS
¢
AYLINDUID
AYLINDYID LNO QvAY  [—— "5 557
 \

STT A/ 601
‘ SaNIT 119
ud AY

[ J
[ J
®

AYLINDUID

1OY1N

OYLNOD ey

¢

0zT ¢
€d | zd | 1d | T
XD eee ) 7D 1D

00T \

Y

SO0T AvddY 13XId

J



US 9,491,390 B2

Sheet 2 of 5

Nov. 8, 2016

U.S. Patent

¢ ‘OId

ONY

(XN)
IvL1S3dad Dav

oec

>

AYLINDAUID Dav

'

occ

ﬁ

AYLINDYUID ONINNVOS

'

orc

0TT \




US 9,491,390 B2

Sheet 3 of 5

Nov. 8, 2016

U.S. Patent

£ 'OId

1Nd1NO DAV «

90€

0ee \

Y/
!

so€

120}

Ieog

1SY dWD

N

1
Tzog

mxom =
_ (xN)
1v1S3d3d 2av
VS <
| os vg sg 118 |— 33
MITE-TITE
rP T T T YT T T T Ty m—_m—_———— —_———"
1 1
| |
I D eee 291 D eee Ir9 4
| | -
= | Is0¢ g0 Sgog dg0¢ “ IHI
_‘ . “ | “ . l
1 |
\ 1 NHMI\._U ' \
Sy 4 Z60¢
T60€ 7 o
Zeog A
ova -
1S4 dWD
HOLVT N———a vap
czoe \
vV
u\AMW H ““ ¢ ° \\b NIp
HOLVT = 10€
I T XHS



U.S. Patent Nov. 8, 2016 Sheet 4 of 5 US 9,491,390 B2

n

SR,

L

" A/D XEX A/D Y—

A/D
A/D

SHS
Ny

VSHR4

|

VSHR3

0xt1 ) 0x800 § 0400 ) 0x200 ) ox300 Y 0x380 Y 0300 { 0x30 § 0x3F0 ) oxars ) oxsrc Y oxare | oxafe ) oxas

FIG. 4

VSHR2

Ox45

VSHR1

g1

VIN
SHX
A/D
SAR

CMP_RST

DAC_RST

P
s
s 0P8

080 | oxa0 ) oxe0 | oxso Y owms Y 0w | oxaz ) 0wt

s 00 OO

10> oxd1

VDAC

B<11



U.S. Patent Nov. 8, 2016 Sheet 5 of 5 US 9,491,390 B2

/ 500

501

p

ACQUIRE IMAGE DATA FROM A ROW n |

IN THE COLOR PIXEL ARRAY

l 502
]

GENERATE A PLURALITY OF UNCORRELATED RANDOM
NUMBERS USED AS ADC PEDESTALS FOR THE ROW n

i 503
]

STORE ONE OF THE UNCORRELATED RANDOM
NUMBERS AS THE ADC PEDESTAL IN THE SAR

l 504
2

SAMPLE THE IMAGE DATA FROM THE ROW n |

TO OBTAIN A SAMPLED INPUT DATA

l 505
i

CONVERT THE SAMPLED INPUT DATA
FROM ANALOG TO DIGITAL

LAST
SAMPLE IN

THE ROW
?

NO

507

?

CALCULATE AND OUTPUT THE NON-LINEARITY
ERROR AND THE FINAL ADC OUTPUT FOR ROW n

=NO FIG. 5



US 9,491,390 B2

1
METHOD AND SYSTEM FOR
IMPLEMENTING CORRELATED
MULTI-SAMPLING WITH IMPROVED
ANALOG-TO-DIGITAL CONVERTER
LINEARITY

FIELD

An example of the present invention relates generally to
image sensors. More specifically, examples of the present
invention are related to methods and systems for reading out
image data from image sensor pixel cells, which include
performing analog-to-digital conversion. Examples of the
present invention include a method and a system for imple-
menting correlated multi-sampling with improved analog-
to-digital converter linearity.

BACKGROUND

High speed image sensors have been widely used in many
applications in different fields including the automotive
field, the machine vision field, and the field of professional
video photography. The development of high speed image
sensors is further driven by the consumer market’s contin-
ued demand for high speed slow motion video and normal
high-definition (HD) video that have a reduced rolling
shutter effect.

In conventional complementary metal-oxide semiconduc-
tor (“CMOS”) pixel cell, image charge is transferred from a
photosensitive device (e.g., a photodiode) and is converted
to a voltage signal inside the pixel cell on a floating diffusion
node. The image charge can be readout from the pixel cell
into readout circuitry and then processed. In conventional
CMOS image sensors, the readout circuit includes an ana-
log-to-digital converter (ADC). ADCs inherently suffer from
non-linearity errors due to the particular architecture of each
ADC. The non-linearity errors, which include the integral
non-linearity (INL) and the differential non-linearity (DNL),
cause the output of the ADC to deviate from the ideal output.
For instance, the ideal output may be a linear function of the
input.

Since these non-linearity errors are inherent to the ADCs,
it is not possible to remove the effects of these errors by
calibration. The negative effects of the non-linearity errors
on the image sensor include a reduction of the dynamic
range of the image charge (e.g., input signal) that may be
processed by the readout circuitry’s ADC as well as a
reduction of the effective resolution of the ADC.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the invention are illustrated by way
of' example and not by way of limitation in the figures of the
accompanying drawings in which like references indicate
similar elements throughout the various views unless oth-
erwise specified. It should be noted that references to “an”
or “one” embodiment of the invention in this disclosure are
not necessarily to the same embodiment, and they mean at
least one. In the drawings:

FIG. 1 is a block diagram illustrating an example imaging
system including a readout circuitry that implements corre-
lated multi-sampling with improved ADC linearity in accor-
dance to one embodiment of the invention.

FIG. 2 is a block diagram illustrating the details of the
readout circuitry in FIG. 1 in accordance to one embodiment
of the invention.
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FIG. 3 is a block diagram illustrating the details of the
ADC circuitry in FIG. 2 in accordance to one embodiment
of the invention.

FIG. 4 illustrates a timing diagram of the input and output
signals in the ADC circuitry in FIGS. 2 and 3 in accordance
to one embodiment of the invention.

FIG. 5 is a flowchart illustrating a method of implement-
ing correlated multi-sampling with improved analog-to-
digital converter linearity in accordance to one embodiment
of the invention.

Corresponding reference characters indicate correspond-
ing components throughout the several views of the draw-
ings. Skilled artisans will appreciate that elements in the
figures are illustrated for simplicity and clarity and have not
necessarily been drawn to scale. For example, the dimen-
sions of some of the elements in the figures may be exag-
gerated relative to other elements to help to improve under-
standing of various embodiments of the present invention.
Also, common but well-understood elements that are useful
or necessary in a commercially feasible embodiment are
often not depicted in order to facilitate a less obstructed view
of these various embodiments of the present invention.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
present invention. However, it is understood that embodi-
ments of the invention may be practiced without these
specific details. In other instances, well-known circuits,
structures, and techniques have not been shown to avoid
obscuring the understanding of this description.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
present invention. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment. Furthermore, the particular fea-
tures, structures, or characteristics may be combined in any
suitable manner in one or more embodiments. Particular
features, structures or characteristics may be included in an
integrated circuit, an electronic circuit, a combinatorial logic
circuit, or other suitable components that provide the
described functionality.

Examples in accordance with the teaching of the present
invention describe an image sensor readout circuitry that
implements Correlated Multi-Sampling (CMS) while reduc-
ing the non-linearity errors of the ADC circuitry included in
the readout circuitry. In one example, the non-linearity
errors of the ADC circuitry are reduced by oversampling
(CMYS) in addition to randomizing within the row time the
ADC pedestal. The image sensor readout circuitry may
compute and utilize the average of the errors for the multiple
samples, thus reducing the non-linearity errors of the ADC
circuitry in accordance with the teachings of the present
invention.

FIG. 1 is a block diagram illustrating an example imaging
system 100 that includes a readout circuitry 110 that imple-
ments correlated multi-sampling with improved ADC lin-
earity in accordance to one embodiment of the invention.
Imaging system 100 may be a complementary metal-oxide-
semiconductor (“CMOS”) image sensor. As shown in the
depicted example, imaging system 100 includes pixel array
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105 coupled to control circuitry 120 and readout circuitry
110, which is coupled to function logic 115 and logic control
108.

The illustrated embodiment of pixel array 105 is a two-
dimensional (“2D”) array of imaging sensors or pixel cells
(e.g., pixel cells P1, P2, . . ., Pn). In one example, each pixel
cell is a CMOS imaging pixel. As illustrated, each pixel cell
is arranged into a row (e.g., rows R1 to Ry) and a column
(e.g., columns C1 to Cx) to acquire image data of a person,
place or object, etc., which can then be used to render an
image of the person, place or object, etc.

In one example, after each pixel has acquired its image
data or image charge, the image data is read out by readout
circuitry 110 through readout column bit lines 109 and then
transferred to function logic 115. In one embodiment, a logic
circuitry 108 can control readout circuitry 110 and output
image data to function logic 115. In various examples,
readout circuitry 110 may include amplification circuitry
(not illustrated), analog-to-digital conversion (ADC) cir-
cuitry 220, or otherwise. Function logic 115 may simply
store the image data or even manipulate the image data by
applying post image effects (e.g., crop, rotate, remove red
eye, adjust brightness, adjust contrast, or otherwise). In one
example, readout circuitry 110 may read out a row of image
data at a time along readout column lines (illustrated) or may
read out the image data using a variety of other techniques
(not illustrated), such as a serial read out or a full parallel
read out of all pixels simultaneously.

In one example, control circuitry 120 is coupled to pixel
array 105 to control operational characteristics of pixel array
105. For example, control circuitry 120 may generate a
shutter signal for controlling image acquisition. In one
example, the shutter signal is a global shutter signal for
simultaneously enabling all pixels within pixel array 105 to
simultaneously capture their respective image data during a
single acquisition window. In another example, the shutter
signal is a rolling shutter signal such that each row, column,
or group of pixels is sequentially enabled during consecutive
acquisition windows.

FIG. 2 is a block diagram illustrating the details of readout
circuitry 110 of an imaging system 100 in FIG. 1 that
implements correlated multi-sampling with improved ADC
linearity in accordance to one embodiment of the invention.
As shown in FIG. 2, the readout circuitry 110 may include
scanning circuit 210, an ADC circuitry 220, and a random
number generator (RNG) 230. Scanning circuit 210 may
include amplification circuitry, selection circuitry (e.g., mul-
tiplexers), etc. to readout a row of image data at a time along
readout column bit lines 109 or may readout the image data
using a variety of other techniques, such as a serial readout
or a full parallel readout of all pixels simultaneously. The
random number generator (RNG) 230 may be coupled to
ADC circuitry 220 to generate random values to be used as
the ADC pedestals (Nx). Using the random values, ADC
circuitry 220 may sample image data from a row of the pixel
array 105 against the random values used as an ADC
pedestals.

FIG. 3 is a block diagram illustrating the details of ADC
circuitry 220 in FIG. 2 in accordance to one embodiment of
the invention. While not illustrated, in some embodiments,
a plurality of ADC circuitry 220 may be included in the
readout circuitry 110. As shown in FIG. 3, ADC circuitry
220 includes a comparator 304 such as a fully differential op
amp, a latch 305, a selector circuit 306 such as a multiplexer,
a digital-to-analog converter (DAC) circuitry 310, and a
Successive Approximation Register (SAR) 307. The ADC
circuitry 220 also comprises plurality of switches including
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an input switch “SHX” 301, a pair of comparator reset
switches “CMP_RST” 303, 303,, and a pair of digital-to-
analog converter (DAC) reset switches “DAC_RST” 309,
309,. ADC circuitry 220 also comprises a plurality of DAC
capacitors 308,-308, (p>1) that are included in the DAC
circuitry 310 and a pair of comparator capacitors 302,, 302,
that are coupled to the inputs of comparator 304.

In one embodiment, as shown in FIG. 3, DAC circuitry
310 includes a plurality of DAC capacitors 308,-308, that
are in parallel, and one capacitor 312 that is located between
the front plates of two capacitors 308,, 3085 that are in
parallel. The back plates of capacitors 308, -308,, are respec-
tively coupled to data output lines 311,-311,, (w>1) of SAR
307. In some embodiments, SAR 307 includes twelve data
output lines (e.g., w=12), respectively coupled to twelve
parallel capacitors 308,-308, (e.g., p=12). DAC circuitry
310 is coupled to DAC reset switches “DAC_RST” 309,
309,. Upon closing of DAC reset switches “DAC_RST”
309,, 309,, the front plates of DAC capacitors 308,-308,
and both plates of DAC capacitor 312 are coupled to ground
and thus, DAC circuitry 310 is reset. As further shown in
FIG. 3, the input voltage V, is received from scanning
circuitry 210 and corresponds to the image data or image
charge from a pixel in pixel array 105. Upon closing of the
input switch “SHX”, the input voltage V. is measured at the
node V. such that the input voltage V,, is received and
acquired by capacitors 308,-308,, in DAC circuitry 310.

In one embodiment, the inputs of comparator 304 are
respectively coupled to comparator capacitors 302, 302,
and comparator reset switches 303,, 303,. Upon closing
comparator reset switches 303,, 303,, the inputs of com-
parator 304 as well as comparator capacitors 302, 302, are
coupled to predetermined voltage V., As shown in FIG. 3,
comparator capacitor 302, is coupled to ground whereas
comparator capacitor 302, is coupled to node V. In one
embodiment, the comparator is reset during SHR1 in FIG. 4
(e.g., when V,; is equal to the pixel reset value), and the
input signal V,, is sampled on DAC circuitry 310. In other
words, after each conversion of the voltage input V,, (e.g.,
when all of the samples in the row have been converted),
comparator 304 is reset by closing comparator reset switches
“CMP_RST” 303,, 303, such that the inverting input of
comparator 304 coupled to comparator reset switch
“CMP_RST” 303, is set to the predetermined comparator
voltage V-

The outputs of comparator 304 are coupled to latch 305,
which receives and stores the data being output from com-
parator 304. The outputs of latch 305 are coupled to selector
circuitry 306, and the output of selector circuitry 306 is
coupled to SAR 307. In one embodiment, one of the outputs
of'latch 305 is inverted. Accordingly, SAR 307 may receive
an SAR input, which is a result (or output) of comparator
304 via latch 305 and selector circuitry 306.

SAR 307 is coupled to a voltage reference V.- (e.g., 1.0
V) and to ground, and controls DAC circuitry 310 by driving
the back plates of DAC capacitors 308,-308,, via data output
lines 311,-311,,. For example, if first data output line 311,
(e.g., b0) is 0, then the back plate of DAC capacitor 308, that
is coupled thereto is connected to ground, and if first data
output line 311, is 1, then the back plate of DAC capacitor
308, that is coupled thereto is connected to the voltage
reference V. SAR 307 is reset before each conversion of
sampled input data (.., Vurs Vsure Veurs: Vsuras
Vrrsis Viszsas Vsmsss Vsmsa)- Lhe sampled input data is
obtained by the ADC circuitry sampling the image data from
a given row that is being processed. SAR 307 in conjunction
with DAC circuitry 310 perform a binary search and each bit
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in data output lines 311,-311, is set in succession from most
significant bit (MSB) to least significant bit (LSB). In this
embodiment, comparator 304 determines whether a bit in
data output lines 311,-311,, should remain set or be reset. At
the end of the conversion, SAR 307 holds the ADC con-
verted value (e.g., ADC output) of the sampled input data.

Referring to FIGS. 1 and 3, each of the elements of ADC
circuitry 220 may be controlled by logic circuitry 108. In
one example, logic circuitry 108 may transmit signals to
control the timing of the opening and closing of switches
“SHX” 301, “CMP_RST” 303,, 303,, “DAC_RST” 309,,
309,, as well as signals to control latch 305 and selector
circuit 306, respectively. In one example, logic circuitry 108
generates and transmits the signals to control the switches as
shown in the timing diagram of FIG. 4.

As an example, if the node V- had a value of V1 and
SAR 307 includes 12 bits of storage and is storing a value
equal to O (e.g., output lines 311,-311, =B<11:0>=0x000),
because DAC capacitors 308,-308, are binary coded, by
sweeping through all the possible codes (from 0 to 4095) by
SAR 307, the node V. would increase linearly from V1
to approximately V1+Vzp.

However, sampling the input voltage (signal) V ,,on DAC
circuitry 310 with SAR 307 being set to 0 (e.g., B<11:
0>=0x000) would have the negative effect of any noise,
comparator 304 offset, or charge injection from switches
301, 303,, 303,, resulting in the input voltage signal V,,
being clipped during the ADC conversion. This is due to the
lowest output voltage of DAC circuitry 310 being obtained
when the input of SAR 307 is set to 0. In one embodiment,
to avoid this negative effect, the sampling of the input
voltage signal V,, is performed against SAR 307 value (e.g.,
the ADC pedestal) that is higher than 0. As shown in FIG.
3, in one embodiment, SAR 307 may also be coupled to
random number generator (RNG) 230 to receive random
values that are used as the ADC pedestal (Nx). In some
embodiments, random number generator 230 generates and
transmits uncorrelated random numbers that may be uni-
formly distributed between 64 and 79 to SAR 307.

In some embodiments, outputs lines 311,-311,, of SAR
307 are coupled to a multiplexer (not shown) that is con-
trolled by logic circuitry 108 to set a pedestal value. In this
embodiment, the contents of SAR 307 (e.g., Vzz,) may be
transferred to a readout memory (not shown) included in
readout circuitry 110 during the sampling of the next value
(€-8 Viszro: Vstras Vitras Vsusts Visz Vierss: Vsesa)-

In this embodiment, because comparator 304 is reset
during the SHR1 (e.g., when V,,, is equal to the pixel reset
value) in FIG. 4, and the voltage input signal V,; is sampled
on DAC circuitry 310, the conversions of the Vg, sampled
input values will result in values that are close to the value
of'the ADC pedestal. In this embodiment, the inverting input
of comparator 304 is set to the predetermined voltage V ,,
after each conversion. In one embodiment, the 8-bit con-
versions are used for Vg, sampled input values while 12-bit
conversions are used for the V. sampled input values.

In one embodiment, to reduce the non-linearity errors
inherent to ADC circuits 220, ADC circuitry 220 uses
Correlated Multi-Sampling (CMS) and uses an ADC ped-
estal that is randomized within the row time. In other
embodiments, the ADC pedestals may also be randomized
from row-to-row of the pixel array.

FIG. 4 illustrates a timing diagram of the input and output
signals in ADC circuitry 220 in FIGS. 2 and 3 in accordance
to one embodiment of the invention. As discussed above,
logic circuitry 108 may transmit controls signals to the
elements in ADC circuitry 220 such as switches “SHX” 301,
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6
“CMP_RST” 303,, 303,, and “DAC_RST” 309,, 309, to
correspond to the signals illustrated in the timing diagram of
FIG. 4. Logic circuitry 108 may also transmit control signals
to latch 305 and selector circuitry 306. In one embodiment,
the correlated multi sampling (CMS) voltage V. is cal-
culated as:

L (M M
Vews = o Z Vsur(i) — Z Vsus (i)
i1 i1

In FIG. 4, the left portion of the timing diagram illustrates
the ADC conversions of the Vg, values and the right
portion of the timing diagram illustrates the ADC conver-
sions of the V. values. In the example in FIG. 4, DAC
circuitry 310 is reset (e.g., DAC_RST=1) before the next
conversion (e.g., SHX=1) and comparator 304 is reset (e.g.,
CMP_RST=1) during the SHR1 (e.g., SHX=1). In the
example in FIG. 4, there are four CMS samples (i.e., M=4;
4xCMS) such that four values for the ADC pedestal are used
(N, to N,). The ADC pedestal values for N; to N, are
uncorrelated random numbers. In one embodiment, the
values for N, to N, may be uniformly distributed between 64
and 79. As shown in FIG. 4, the sampling within a row (e.g.,
Vsurt> Vsuro: Vsurss Vsura 4 Vg, Vspsss Vszrsas
Vsmsa) 15 performed against SAR 307 with ADC pedestal
values being N, to N,. By randomizing the ADC pedestal
values N; to N, and performing multiple sampling (e.g.,
4xCMS as in FIG. 4), ADC circuitry 220 may average the
linearity errors from each sampling, which results in
improved ADC DNL and INL. Further, by improving the
ADC linearity of ADC circuitry 220, the structural noise
caused by the ADC is reduced. In some embodiments, the
ADC pedestal values (e.g., N, to N,) are further randomized
from row-to-row of pixel array 105 to reduce vertical fixed
pattern noise (VFPN).

Moreover, the following embodiments of the invention
may be described as a process, which is usually depicted as
a flowchart, a flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations
as a sequential process, many of the operations can be
performed in parallel or concurrently. In addition, the order
of the operations may be re-arranged. A process is termi-
nated when its operations are completed. A process may
correspond to a method, a procedure, etc.

FIG. 5 is a flowchart illustrating a method 500 of imple-
menting correlated multi-sampling with improved analog-
to-digital converter linearity in accordance to one embodi-
ment of the invention. Method or process 500 starts with the
readout circuitry acquiring an image data from a given row
n in the color pixel array (block 501), where (nz1). In one
embodiment, the readout circuitry includes a scanning cir-
cuitry that selects and amplifies the image data from the
given row n. The scanning circuitry may include at least one
multiplexer to select the image and at least one amplifier to
amplify the image data. The scanning circuitry may also
transmit the image data that is selected and amplified to the
ADC circuitry for further processing.

At block 502, an ADC circuitry included in the readout
circuitry generates a plurality of uncorrelated random num-
bers to be used as ADC pedestals for the given row n.
Accordingly, rather than having a single number being
repeatedly used as an ADC pedestal for the same row, the
values used as the ADC pedestal are randomized for the
same row. In some embodiments, the uncorrelated random
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numbers are uniformly distributed between 64 and 79. At
block 503, SAR included in the ADC circuitry stores one of
the uncorrelated random numbers as the ADC pedestal and
at block 504, the ADC circuitry samples the image data from
the row n to obtain a sampled input data. In this embodi-
ment, the ADC circuitry is sampling against the value stored
in the SAR (e.g., a random number that is greater than
0x000). Referring back to FIG. 4, the uncorrelated random
numbers used as ADC pedestals are: N, N,, N5, and N,. In
the example in FIG. 4, N, is 0x41 (or 65) and N, is 0x45 (or
69). In this example, the readout circuitry implements CMS
with four samples (M=4). In one embodiment, the ADC
circuitry samples the image data from the given row on a
digital-to-analog (DAC) circuitry that is included in the
ADC circuitry to obtain the sampled input data.

At block 505 in FIG. 5, the ADC circuitry converts from
analog to digital the sampled input data to obtain an ADC
output value. Accordingly, the ADC output value is the
digitized value corresponding to the sampled input data. In
some embodiments, converting the sampled input data from
analog to digital includes performing a binary search using
the DAC circuitry and the SAR that are both included in the
ADC circuitry. The ADC circuitry may also include a
comparator. In this embodiment, to perform the conversion
of the sampled input data from analog to digital, the com-
parator determines whether to set or reset a plurality of bits
stored in the SAR in succession from the MSB to the LSB,
and the SAR sets or resets each of the plurality of bits stored
therein based on the determination by the comparator. Once
the LSB stored in the SAR is set or reset by the SAR, the
value stored in the SAR is the ADC output value, which is
a digitally converted value of the sampled input data. The
ADC output value may then be outputted to a function logic
or stored in a memory that is included in the readout
circuitry. In one embodiment, the ADC circuitry’s conver-
sion of the sampled input data from analog to digital further
includes resetting an inverting input of the comparator to a
predetermined value (e.g., V,,) during the sampling of the
image data on the DAC circuitry to obtain the sampled input
data. In this embodiment, the ADC circuitry further includes
a latch coupled to the outputs of the comparator and a
selector circuitry such as a multiplexer that is coupled to the
outputs of the latch. The latch receives and stores the
comparator output values and the selector circuitry selects
the values output from the latch to be transmitted to the
SAR.

At block 506, the ADC circuitry determines if other
samples of input data are to be processed for the given row
n. For instance, in the example in FIG. 4, the pairs of
samples to be processed include: Vggzis Vsmros Vsmrss
Vszrras Vsasis Viszsas YVsmsss ad Ve, In FIG. 4, once the
sample Vg, is converted from analog to digital to obtain
the ADC output value and the SAR contains the ADC output
value, the ADC circuitry may determine that other samples
are to be processed for the row n (e.g., Vgyrs, Vomrss Vsmras
Vmsis Vsmsss Vsmsss Vsmsa). 1f the ADC circuitry deter-
mines that the current sample that is converted is not the last
sample in the row n at block 506, process 500 returns to
block 503, where the SAR updates its contents and stores a
different one of the uncorrelated random numbers as the
ADC pedestal and at block 504, the ADC circuitry samples
the image data from the row n against the updated value
stored in the SAR. For instance, in FIG. 4, the SAR stores
N, in lieu of N,. Process 500 then continues to block 505,
where the sampled input data is converted from analog to
digital to generate another ADC output.
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If, at block 506, the ADC circuitry determines that no
other samples of input data are to be processed for the given
row n, process 500 continues to block 507, the ACD
circuitry calculates the non-linearity error and outputs the
final ADC output for row n. In some embodiments, the ADC
circuitry stores the ADC output values in a memory (not
shown) that is included in the readout circuitry. To calculate
the non-linearity error, the ACD circuitry may determine the
INL and the DNL for each of the ACD outputs (e.g., each
digitally converted sampled input data for the given row n)
and compute the average of the INL and DNL errors for the
row n. To output the final ADC output for the row n, the
ADC circuitry may compute the CMS voltage V., using
the equation:

(& IR
Veus = o ; Vsur(D) - ; Vs (i)

In other embodiments, the ADC circuitry outputs the
ADC output values to a function logic to perform the
non-linearity error and final ADC output for the row n
computations. By randomizing the ADC pedestal within the
row time and implementing CMS, the ADC non-linearity,
including INL and the DNL, is reduced since the non-
linearity errors are averaged. Process 500 may be repeated
for each row in the color pixel array.

The processes explained above are described in terms of
computer software and hardware. The techniques described
may constitute machine-executable instructions embodied
within a machine (e.g., computer) readable storage medium,
that when executed by a machine will cause the machine to
perform the operations described. Additionally, the pro-
cesses may be embodied within hardware, such as an
application specific integrated circuit (“ASIC”) or the like.

The above description of illustrated examples of the
present invention, including what is described in the
Abstract, are not intended to be exhaustive or to be limita-
tion to the precise forms disclosed. While specific embodi-
ments of, and examples for, the invention are described
herein for illustrative purposes, various equivalent modifi-
cations are possible without departing from the broader
spirit and scope of the present invention.

These modifications can be made to examples of the
invention in light of the above detailed description. The
terms used in the following claims should not be construed
to limit the invention to the specific embodiments disclosed
in the specification and the claims. Rather, the scope is to be
determined entirely by the following claims, which are to be
construed in accordance with established doctrines of claim
interpretation. The present specification and figures are
accordingly to be regarded as illustrative rather than restric-
tive.

The invention claimed is:

1. A method of implementing Correlated Multi-Sampling
(CMYS) in an image sensor with improved analog-to-digital
converter (ADC) linearity, comprising:

acquiring by a readout circuitry an image data from a first

row in a color pixel array;

generating by an ADC circuitry included in the readout

circuitry a plurality of uncorrelated random numbers
used as a plurality of ADC pedestals for the first row,
the ADC pedestals including a first ADC pedestal and
a second ADC pedestal;
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storing by a Successive Approximation Register (SAR)
included in the ADC circuitry the first ADC pedestal;

sampling by the ADC circuitry the image data from the
first row against the first ADC pedestal stored in the
SAR to obtain a first sampled input data; and

converting by the ADC circuitry the first sampled input
data from analog to digital to obtain a first ADC output
value;

once the first ADC output value is obtained,

storing by the SAR the second ADC pedestal,

sampling by the ADC circuitry the image data from the
first row against the second ADC pedestal stored in
the SAR to obtain a second sampled input data, and

converting by the ADC circuitry the second sampled
input data from analog to digital to obtain a second
ADC output value.

2. The method of claim 1, wherein the uncorrelated
random numbers are uniformly distributed between 64 and
79.

3. The method of claim 1, wherein acquiring by the
readout circuitry the image data from the first row further
comprises:

selecting and amplifying by a scanning circuitry included

in the readout circuitry the image data from the first
row; and

transmitting the image data from the first row to the ADC

circuitry.

4. The method of claim 1, wherein sampling by the ADC
circuitry the image data from the first row to obtain the first
and second sampled input data further comprises:

sampling the image data on a digital-to-analog (DAC)

circuitry included in the ADC circuitry to obtain the
first and the second sampled input data, respectively.

5. The method of claim 4, wherein converting by the ADC
circuitry the first and the second sampled input data from
analog to digital to obtain, respectively, the first and the
second ADC output value further comprises:

performing a binary search using the DAC circuitry and

the SAR.

6. The method of claim 5, wherein converting by the ADC
circuitry the first and the second sampled input data from
analog to digital to obtain, respectively, the first and the
second ADC output values further comprises:

determining by a comparator included in the ADC cir-

cuitry to set or reset a plurality of bits stored in the SAR
in succession from most significant bit (MSB) to least
significant bit (LSB),

setting or resetting by the SAR each of the plurality of bits

stored in the SAR based on the determination by the
comparator to obtain the first and the second ADC
output values, respectively, and

outputting from the SAR the first and the second ADC

output values respectively to a function logic.

7. The method of claim 6, wherein converting by the ADC
circuitry the first and the second sampled input data from
analog to digital to obtain, respectively, the first and the
second ADC output values further comprises:

resetting an inverting input of the comparator to a prede-

termined value during the sampling of the image data
on the DAC circuitry to obtain the first and the second
sampled input data, respectively.

8. The method of claim 7, wherein converting by the ADC
circuitry the first and the second sampled input data from
analog to digital to obtain, respectively, the first and the
second ADC output values further comprises:

receiving and storing by a latch the comparator output

values, and
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selecting by a selector circuitry values outputted from the

latch to be transmitted to the SAR.

9. The method of claim 8, further comprising:

receiving by the readout circuitry control signals from the

logic circuitry, wherein the control signals control at
least one of: the latch, the selector circuitry, a switch to
receive the image data, a switch to reset the comparator,
and a switch to reset the DAC circuitry.

10. The method of claim 9, further comprising:

generating by the readout circuitry a non-linearity error

for each of the ADC output values respectively corre-
sponding to the first and the second sampled input data
and generating an average of the non-linearity errors;
and

generating by the readout circuitry a final ADC output

based on the first ADC output value and the second
ADC output value.

11. A method of implementing Correlated Multi-Sampling
(CMYS) in an image sensor with improved analog-to-digital
converter (ADC) linearity, the method comprising:

generating by the ADC circuitry a plurality of uncorre-

lated random numbers used as a plurality of ADC
pedestals for sampling from the first row;
storing by a Successive Approximation Register (SAR)
included in the ADC circuitry a different one of the
ADC pedestals before each sampling of the image data;

sampling by an ADC circuitry included in a readout
circuitry an image data from a first row a plurality of
times against the plurality of ADC pedestals stored in
the SAR to obtain a plurality of sampled input data; and

converting by the ADC circuitry each of the plurality of
sampled input data from analog to digital, wherein
converting by the ADC circuitry includes performing a
binary search using the SAR.

12. The method of claim 11, wherein the uncorrelated
random numbers are uniformly distributed between 64 and
79.

13. The method of claim 11, wherein sampling by the
ADC circuitry further comprises:

sampling the image data on a digital-to-analog (DAC)

circuitry included in the ADC circuitry to obtain the
plurality of sampled input data.

14. The method of claim 13, wherein converting by the
ADC circuitry includes:

performing the binary search using the DAC circuitry.

15. The method of claim 14, wherein converting by the
ADC circuitry includes:

determining by a comparator included in the ADC cir-

cuitry to set or reset a plurality of bits stored in the SAR
in succession from most significant bit (MSB) to least
significant bit (LSB),

setting or resetting by the SAR each of the plurality of bits

stored in the SAR based on the determination by the
comparator to obtain ADC output values, and

outputting from the SAR the ADC output values to a

function logic.

16. The method of claim 15, wherein converting by the
ADC circuitry includes:

resetting an inverting input of the comparator to a prede-

termined value during the sampling of the image data
on the DAC circuitry to obtain the plurality of sampled
input data.

17. The method of claim 16, further comprising:

determining by the readout circuitry a non-linearity error

for each of the ADC output values and generating an
average of the non-linearity errors.
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18. An imaging system comprising:

a color pixel array for acquiring image data, the pixel

array including a plurality of rows and columns;

a readout circuitry coupled to the color pixel array to

acquire an image data from a first row in the color pixel

array, wherein the readout circuitry includes an analog-

to-digital conversion (ADC) circuitry to:

generate a plurality of uncorrelated random numbers
used as a plurality of ADC pedestals for sampling
from the first row;

store in a Successive Approximation Register (SAR)
included in the ADC circuitry a different one of the
ADC pedestals before each sampling of the image
data;

sample the image data from the first row a plurality of
times against the plurality of ADC pedestals stored in
the SAR to obtain a plurality of sampled input data,
wherein the image data is sampled on a digital-to-
analog (DAC) circuitry included in the ADC cir-
cuitry, and

convert each of the plurality of sampled input data from
analog to digital, wherein converting by the ADC
circuitry includes performing a binary search using
the SAR and the DAC circuitry.

12

19. The imaging system of claim 18, wherein the uncor-
related random numbers are uniformly distributed between
64 and 79.

20. The imaging system of claim 18, wherein the ADC
circuitry further comprises:

a comparator to determine to set or reset a plurality of bits
stored in the SAR in succession from most significant
bit (MSB) to least significant bit (L.SB), wherein the
SAR sets or resets each of the plurality of bits stored in
the SAR based on the determination by the comparator
to obtain ADC output values.

21. The imaging system of claim 20, wherein converting

by the ADC circuitry includes:

resetting an inverting input of the comparator to a prede-
termined value during the sampling of the image data
on the DAC circuitry to obtain the plurality of sampled
input data.

22. The imaging system of claim 21, wherein the readout
circuitry further determines a non-linearity error for each of
the ADC output values and generates an average of the
non-linearity errors.



